Breast cancer is one of the most common malignant tumors of women. Modern combinatorial therapeutic regimens can reduce patient tumor burdens to undetectable levels, yet in many cases these tumors will relapse. Understanding of breast cancer biology, developing more potent therapeutic approaches, and overcoming resistance are of great importance. WNT5A is a non-canonical signaling member of the WNT family. Its role in breast cancer still remains unclear. Most of the evidence shows that WNT5A is a suppressor in breast cancer and loss of its expression is associated with poor prognosis, while some evidence suggests the tumorigenicity of WNT5A. WNT signaling molecules are potent targets for treatment of cancer. Therefore, understanding the role of WNT5A in breast cancer may provide new ideas and methods for breast cancer treatment. We review the evidence concerning WNT5A and breast cancer involving the signaling pathways and the moleculartargeted therapy of WNT5A. Our results show that the role WNT5A plays depends on the availability of key receptors and intercellular interactions among different cell types.
Background
Breast cancer is one of the most common malignant tumors of women and is the second leading cause of cancer death in women. In the United States, about 231,840 new cases of invasive breast cancer and 40,290 breast cancer deaths are expected to occur in 2015. Breast cancer has become one of the biggest threats to woman's health [1] .
WNT genes encode a large family of secreted cysteine-rich glycoproteins with lipid modifications [2] . WNT family proteins (also known as Wingless-related/MMTV-integration family) comprise at least 19 highly conserved members shown to be present in humans and mice [3] , and play essential roles in development and homeostasis of the body [4] . WNT signaling can be broadly divided into 2 categories: the canonical b-catenin-dependent pathway and the non-canonical b-catenin-independent pathway. WNT5A is a non-canonical signaling member of the WNT family [5] . The human WNT5A gene is located at 3p14.2-p21.1 [6] , with over 99% homology at amino acid level to mouse WNT5A [7] , and 90% with Xenopus WNT5A [8] . This protein maintains certain features: a hydrophobic signal sequence, the WNT-1 family "signature sequence" (CKCHGvSGSC), and a number of other conserved amino acid residues consisting of 24 cysteine residues, 4 asparagine-linked oligosaccharide consensus sequences, and a tyrosine sulfation site [7] . WNT5A plays an important role in developmental processes [9] and is strongly implicated in a number of diseases, including cancer [10, 11] , diabetes [12] , and inflammatory diseases such as atherosclerosis [13] and rheumatoid arthritis [14, 15] . Moreover, WNT5A activates the canonical WNTT signaling pathway in mouse embryonic stem cells to maintain self-renewal and prevent differentiation [16, 17] .
Expression and Function of WNT5A in Breast Cancer
WNT5A, which is capable of inhibiting ductal extension and lateral branching in the mammary gland, is required for proper mammary gland development [18] . However, its role in breast cancer is still unclear.
Decreased WNT5A expression is associated with tumorigenesis and enhanced cell motility and is a poor prognostic factor By testing on cell lines established from normal breast duct luminal epithelium, benign epithelial proliferation, and in situ or invasive components of breast epithelium, Lejeune et al. found that levels of WNT5A expression in a panel of human breast cell lines measured by nuclease protection assays were low. One cell line from luminal epithelium (MTSV1-7) had higher levels than the others. Cell lines established from malignant pleural effusions and metastasis had lower levels of WNT5A expression than the luminal cell line MTSV1-7 in all but 1 case (BT2O) [8] .
However, Fernandez-Cobo found that expression of WNT5A in MTSV1-7 is quite low [19] . MacMillan et al. found that WNT5A is expressed at highest levels in 21MT-1 cells (invasive mammary carcinoma) and at lowest levels in 21PT (atypical ductal hyperplasia) and 21NT (ductal carcinoma in situ) cells [20] .
By analyzing the mRNA levels of WNT5A from 120 malignant breast tumors and 33 normal breast tissues, Leris et al. [21] founded that levels of WNT5A mRNA were lower in tumors than in normal tissue. In patients with ER-negative disease, lower levels of WNT5A are significantly associated with worse clinical outcome. These results are in accordance with those of Trifa et al. in Tunisian patients [22] .
It appears that there is a trend for WNT5A mRNA levels to be lower in cancerous tissue and lower still in those showing more aggressive behavior. This fits with the hypothesis that WNT5A is a tumor-suppressor gene in breast cancer.
By detecting WNT5A expression of 90 triple-negative breast cancer specimens in an immunohistochemistry study, Zhong et al. found out that negative WNT5A expression correlated with positive lymph node metastasis, Ki67 proliferation, and significantly worse recurrence-free survival. Multivariate Cox regression analysis revealed that decreased WNT5A expression is an independent prognostic factor for RFS [23] .
Moreover, Borcherding et al. found that heterozygous loss of WNT5A was correlated with shorter survival of breast cancer patients. In a mouse model of ErbB2-induced breast cancer, WNT5A heterozygosity promoted tumor multiplicity and pulmonary metastasis [24] .
The work of Gavin et al. showed that the C57MG mouse mammary epithelial cells were transformed in the presence of ectopic WNT-1 or WNT-2, but not WNT5A or WNT-4, which was endogenously expressed in this cell line [25] . In accordance with the Gavin et al. study, Wong et al. found that WNT-4 and WNT5A failed to induce transformation in C57MG cells [26] . Transfecting C57MG cells with a mammalian expression vector carrying antisense WNT5A results in a cell phenotype that mimics cell transformation by ectopic WNT-1 or WNT-2. Correspondingly, WNT-1-transformed cells are partially reverted by overexpressing sense WNT5A. Together, these results support the proposed hypothesis that WNT5A is a factor inhibiting cell transformation. WNT-1 and WNT-2 transform C57MG cells by down-regulating the endogenous expression of WNT5A. However, overexpressed WNT5A appears to be capable of antagonizing WNT-1 function in C57MG cells [27] . C57MG cells transfected with antisense WNT5A continued to grow after reaching confluence, while soft agar colony formation did not occur. This means that WNT-1-transformed cells are not tumorigenic and do not grow in soft agar [26] . Furthermore, transfecting C57MG cells with neu T, which can down-regulate WNT5A to undetectable levels, formed colonies in soft agar assays [28] . These studies indicate that WNT5A is required for normal growth of C57MG cells and that loss of WNT5A expression leads to cell transformation, loss of contact growth inhibition, and tumorigenesis.
In accordance, the experiment by Prieve [29] supports that gain of function of WNT-1 in C57MG mouse mammary epithelial cells leads to their morphological transformation, while loss of function of WNT5A leads to the same transformation.
Huguet et al. did an experiment to further understand the function of WNT5A, showing that the regulation of WNT5A mRNA expression in the human mammary epithelial cell line HB2 was up-regulated 30-fold at confluence. WNT5A was down-regulated 3-fold by changes in cell shape associated with the transition from growth on a two-dimensional surface (flat cell morphology) to growth in three-dimensional gels (spherical cell morphology). In addition, cytoskeletal disruption with nontoxic doses of colchicine also induced a spherical morphology and brought about a dose-dependent down-regulation of WNT5A. WNT5A was also down-regulated 10-fold during the hepatocyte growth factor-induced branching of HB2 cell aggregates in collagen gels. Together, these results suggest that the down-regulation of WNT5A initiates the branching process. A possible explanation for its up-regulation at confluence is that it may be a mechanism for inhibition of cell migration [30] .
In agreement with the above, Jonsson and Andersson showed that overexpression of WNT5A protein enhanced cell-to-collagen binding and abolished hepatocyte growth factor-stimulated migration of HB2 transfectants through collagen matrices. Branch formation was reduced 6 times more effectively in the WNT5A-overexpressing cells than in the antisense cells. The expression of WNT5A protein in MCF-7 cells enhanced contact inhibition at cell confluence and tight association between the cells. Transfecting MCF-7 cells with antisense WNT5A led to cell scattering, impaired cell-collagen interaction, and enhanced cell motility [31] .
Furthermore, Medrek et al. showed that WNT5A stimulates human breast epithelial cell-enhanced Ca
2+
-dependent cell-cell adhesion. The cells with loss of WNT5A protein have a significantly lower level of membrane-associated beta-catenin. Downregulation of WNT5A expression and subsequent reduction of membrane-associated beta-catenin can therefore contribute to decreased cell-cell adhesion and results in metastasis [32] .
By detecting the expression of WNT5A protein in 96 primary invasive breast carcinomas, Jonsson et al. found that loss of WNT5A protein expression in the invasive ductal carcinomas was significantly associated with higher histological grade and absence of estrogen receptors. In addition, they analyzed the expression of WNT5A protein in 83 additional invasive primary ductal carcinomas from patients with a longer follow-up time. WNT5A expression was lost in tumors from 78% of the patients with recurrent disease compared with 35% of the recurrence-free patients, and recurrence-free survival was significantly shorter in the WNT5A -negative group. By multivariate analysis, loss of WNT5A expression proved to be an independent and powerful predictor of recurrence after adjustment for lymph node status and tumor size. The results above show that loss of WNT5A increases the risk of early relapse and death in breast cancer [33] .
In brief, down-regulation or even loss of WNT5A expression prompts cell scattering, impaired cell-collagen interaction, enhanced cell motility, promoted the branching process, led to tumorigenesis, and was associated with worse clinical outcome.
Increased WNT5A expression is associated with tumorigenesis, aggressiveness, and immunosuppression
Although much evidence supports the hypothesis that WNT5A is a tumor-suppressing factor in breast cancer, there are some disputes.
Using nuclease protection, Lejeune et al. found that WNT5A was expressed at low levels in human normal breast tissue. Benign proliferations and invasive cancer showed 10-fold and 4-fold, respectively, higher WNT5A mRNA levels than normal breast tissues. Levels in benign tumors were significantly higher than those in normal tissue and malignant tumors. The upregulation of WNT5A was not due to gene amplification, since Southern blot analysis of the high-expression cases showed no evidence of this [8] . The up-regulation in benign conditions suggests a role in aberrant differentiation or, on the contrary, an adaptive mechanism for inhibition of cell differentiation. WNT5A expression is decreased in breast cancer compared to benign tumors, indicating that loss of WNT5A is important in the progression of events leading to the development of cancer, as reported by Olson et al. [27] .
Interestingly, Iozzo et al. [34] found that breast carcinomas showed a 4-fold increase in WNT5A expression, a finding that is in full agreement with the work of Lejeune et al.
In addition, Fernandez-Cobo et al. detected the mRNA levels of WNT5A in normal breast tissue, metastatic tissue, and breast cancer cell lines. In agreement, they found overexpression of WNT5A in metastasis-derived breast cancer cells in comparison with normal tissues and to breast cancer cell lines [19] . Bergenfelz et al. found that WNT5A induces CD163(+) immunosuppressive macrophages. The suppressive phenotype induced by WNT5A is associated with induction of IL-10 and inhibition of classical TLR4-NF-kappaB signaling [35] . Moreover, they found that WNT5A is expressed at a higher level in human monocyte-derived myeloid dendritic cells (Mo-mDCs) than in monocytes and macrophages, and it inhibits cell generation by stimulating human breast cancer cells producing IL-6 [36] .
WNT5A regulates breast cancer cell proliferation, migration, metastasis, and cancer stem cell (CSC)-like properties Down-regulating WNT5A promotes proliferation of breast cancer cells [28] . WNT5A also enhances cell-to-collagen binding and tight association between the cells in MCF-7 breast cancer cells [31] and inhibits breast cancer cell migration [37, 38] . On the contrary, some evidence shows the opposite role of WNT5A in regulating cell migration of breast cancer cells. WNT5A was reported to inhibit stress fiber formation and promote migration of MDA-MB-231 breast cancer cells [39] . Another study found that WNT5A promotes breast cancer cell migration in MCF-7 breast cancer cells [40] .
Existing evidence concerning breast cancer metastasis is also unclear, showing that WNT5A either inhibits or promotes metastasis [41, 42] . Moreover, WNT5A regulated by Twist-BRD4 influences cancer stem cell (CSC)-like properties [43] .
WNT5A plays a role in breast cancer drug resistance WNT5A was found to be significantly overexpressed in breast cancer biopsies after chemotherapeutic treatment. In addition, WNT5A was found to be significantly up-regulated in drug-resistant MCF7/ADR2 cells, consistent with clinical chemoresistance. By being treated with WNT5A antibody, cell viability of the drug-resistant cancer cells was also reduced by doxorubicin treatment [44] .
In brief, whether WNT5A is a tumor suppressor or promotor remains uncertain (Table 1 ). In the next section of this article, by sorting the possible signaling pathways of WNT5A, we show why it plays multiple roles.
Signaling Pathways of WNT5A in Breast Cancer
The process of mammary gland development and breast cancer is complex, and it is likely that coordination of signaling by many factors is involved. In the well-established "canonical" WNT signaling pathway, WNT binding to Frizzled receptors induces beta-catenin protein stabilization and entry into the nucleus, where it complexes with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors to affect the transcription of target genes such as c-myc [45] .
WNT5A is a non-canonical signaling member of the WNT family, and a wide variety of hypotheses about how it affects the cellular signal transduction have been published. Here, we review the possible signaling pathways of WNT5A in breast cancer, and try to determine a signaling network.
WNT5A signals through DVL1 to suppress rRNA transcription WNT5A rapidly represses rDNA gene transcription in breast cancer cells and generates a chromatin state with reduced transcription of rDNA by RNA polymerase I (Pol I). These effects are mediated by Dishevelled1 (DVL1) accumulating in nucleolar organizer regions (NORs) and binding to rDNA regions of the chromosome. Upon DVL1 binding, the Pol I transcription activator and deacetylase Sirtuin 7 (SIRT7) releases from rDNA loci, concomitant with disassembly of Pol I transcription machinery at the rDNA promoter. This provides a novel mechanism for how WNT5A signals through DVL1 to suppress rRNA transcription and exerts tumor-suppressive effects [46] .
WNT5A mediate effect on DDR1 phosphorylation partly through PI3K and G-proteins
By searching for modified collagen receptors in WNT5A antisense cells, Jonsson and Andersson discovered that the collagen-binding discoidin domain receptor 1 (DDR1) failed to undergo phosphorylation. The DDR1 protein was endogenously expressed in parental HB2 cells. Repression of the WNT5A expression by antisense technology led to significantly lower tyrosine phosphorylation of DDR1 receptors. Furthermore, by detecting in MCF-7, Jonsson and Andersson found that only the WNT5A-expressing MCF-7 cells showed a significant tyrosine phosphorylation of DDR1 receptors in the presence of collagen. These results suggest that the expression of WNT5A is required for the phosphorylation of DDR1 receptors ( Figure 1A ) [31] .
In accordance with the above, Dejmek et al. found that direct mastoparan-induced activation of G-proteins in WNT5A-deficient MCF-7 cells enabled collagen-induced phosphorylation of DDR1 and enhanced their adhesion. Pertussis toxin inhibited the recruitment of the cytoskeletal regulator phosphatidylinositol 3-kinase (PI3K) to DDR1, as well as its phosphorylation. In agreement with this, the PI3K inhibitor wortmannin significantly impaired adhesion of normal WNT5A-expressing HB2 cells but had little effect on adhesion of WNT5A-antisense HB2 cells ( Figure 1A ) [47] .
Two years later, Dejmek et al. found that the expressions of WNT5A and Syk were correlated in 4 of 5 tumor cell lines. However, they found no evidence of a WNT5A/DDR1-mediated activation of Syk. Instead, b 1 -integrins initiate the adhesioninduced activation of Syk. WNT5A/DDR1 and Syk protein lack signaling interaction [48] .
WNT5A-induced phosphorylation of DARPP-32 inhibits breast cancer cell migration in a CREB-dependent manner
Acting through autocrine or paracrine, WNT5A ligand activates Frizzled-3 receptors, and then stimulates cAMP formation by adenylyl cyclases (AC) via Ga s . cAMP activates PKA, which phosphorylates DARPP-32 at Thr-34 and CREB (a wellknown PP1 substrate) at Ser-133. pThr34-DARPP-32 inhibits migration of breast cancer cells. pThr34-DARPP-32 suppresses filopodia formation, in part by reducing CDC42 activity. In addition, pThr34-DARPP-32 inhibits PP1, which in turn leads to enhanced CREB phosphorylation. CREB mediates transcription of genes that also regulate cell migration by an as yet unidentified mechanism ( Figure 1B ) [37] .
WNT5A induces ROR1-dependent signaling and enhances cell growth
Receptor-tyrosine-kinase-like orphan receptor 1 (ROR1), which is expressed during embryogenesis and in the neoplastic cells of human breast cancers, is a receptor of WNT5A. Treatment of MDA-MB-231 cells with recombinant WNT5A enhanced the phosphorylation of AKT and cAMP-response-element-binding protein (CREB), and induced higher expression of CREB-target genes, but not in cells silenced for ROR1. ROR1 interacts with CK1e to activate PI3K/AKT, leading to activation of CREB and consequently regulating tumor cell growth ( Figure 1C ) [49] .
Luminal cell-produced WNT5A induces a feed-forward loop to limit the expansion of basal TIC Borcherding et al. found out that luminal cell-produced WNT5A induced a feed-forward loop to activate SMAD2 in a RYK-and TGFbetaR1-dependent manner to limit the expansion of basal tumor-initiating cells (TIC) in a paracrine fashion ( Figure 1D ) [50] .
A non-canonical WNT5A-Frizzled2 pathway regulates EMT and metastasis
Gujral et al. found that the WNT receptor Frizzled2 (Fzd2) and its ligands WNT5A are elevated in metastatic breast cancer cell lines and in high-grade tumors, and that their expression correlates with markers of epithelial-mesenchymal transition (EMT). Fzd2 drives EMT and cell migration through a previously unrecognized, non-canonical pathway that includes Fyn and Stat3 ( Figure 1E ) [41] .
WNT5A, along with the enhanced expression of PKC-alpha, promotes cell migration
Kim et al. found that short-term exposure (3 days) of MCF-7 cells to TPA (an activator of PKC) exhibited significant induction of WNT5A expression, along with the enhanced expression of PKC-alpha, to promote cell migration ( Figure 1F ) [51] .
WNT5A activates the classic b-catenin/TCF pathway by inducing cyclin D1 expression through ErbB1 transactivation
Civenni et al. transfected HC11 mammary epithelial cells with vectors conferring puromycin resistance and containing a TCF luciferase reporter (TopTK). After antibiotic selection, cell lines were divided into WNT1-HC11, WNT5A-HC11, and C-HC11 (control) groups. In comparison to C-HC11 cells, cytosolic fractions from WNT1-HC11 and WNT5A-HC11 cells contained high levels of b-catenin and display enhanced Top-TK luciferase activity. Thus, in HC11 cells, both WNT1 and WNT5A activate the classic b-catenin/TCF pathway. In mammary cells, WNT binds to its receptor, Frizzled (Fz), and then transactivates ErbB1. PKI166, an ErbB1-selective kinase inhibitor, reduced cyclin D1 to control levels in WNT1-HC11 and WNT5A-HC11 cells, suggesting that ErbB1 is responsible for the increased levels of cyclin D1 present in the WNT-expressing HC11 cells ( Figure 1G ) [52] . WNT5A triggers production of MMP-7 and TNF-a by macrophages, and then induces invasiveness
Pukrop et al. co-cultured MCF-7 cells and macrophages, which led to up-regulation of WNT5A in the latter. Recombinant WNT5A mimicked the co-culture effect. WNT5A was also detectable in tumor-associated macrophages in primary breast cancers and lymph node metastases. DKK-1 (a member of the dickkopf family) inhibits co-culture-and WNT5A-mediated induction of matrix metalloprotease-7(MMP-7) as well as production of TNF-a in macrophages.
They hypothesized that co-culture leads to up-regulation of macrophage-WNT5A, which, in turn, induces MMP-7. MMP-7 then releases TNF-a, which is followed by activation of the proteolytic cascade ( Figure 1H ) [53] .
Dvl2-dependent activation of Daam1 and RhoA regulates WNT5A-induced breast cancer cell migration WNT5A triggers the Dishevelled (Dvl) and Dishevelledassociated activator of morphogenesis 1 (Daam1) pathway, which regulates cellular polarity during development and tissue homoeostasis. The experiment by Zhu et al. showed that WNT5A activated Dvl2, subsequent Daam1 and RhoA, inhibited stress fiber formation, and promoted migration of MDA-MB-231 breast cancer cells ( Figure 1I ) [39] .
WNT5A promotes breast cancer cell migration via the Dvl2/Rab35/Rac1 signaling pathway
RhoA activation was not enhanced by WNT5A in breast cancer cells MCF-7. t WNT5A dose-dependently activates Dvl2, Rab35, and Rac1 and subsequently promotes the migration of MCF-7 cells. Additionally, by blockade with WNT5A siRNA, Dvl2 siRNA, Rab35 shRNA, and Rac1 siRNA, WNT5A promotes breast cancer cell migration via the Dvl2/Rab35/Rac1 signaling pathway ( Figure 1J ) [40] .
WNT5A/Ca2+-induced NFAT activity promotes breast carcinoma invasion through induction of GPC6
NFAT (nuclear factor of activated T-cells), a transcription factor involved in breast cancer metastasis, is activated by WNT5A through a Ca2+ signaling pathway in human breast epithelial cells. Simultaneously, this activation was counteracted by a WNT5A-induced Yes/Cdc42 signaling pathway. The inhibition of the WNT5A/Yes/Cdc42 signal prolonged the duration of ionomycin-induced NFAT1 activation. Therefore, WNT5A/Ca2+-induced NFAT activity is hard to detect [54] .
NFAT promotes breast carcinoma invasion through induction of GPC (glypican) 6, a cell-surface glycoprotein. Silencing GPC6 with shRNA (small-hairpin RNA) markedly blocks the migration effect ( Figure 1K ) [55] .
Twist recruits BRD4 to direct WNT5A expression in basallike breast cancer
The diacetylated Twist binds the second bromodomain of BRD4, whose first bromodomain interacts with acetylated H4, thereby constructing an activated Twist/BRD4/P-TEFb/RNA-Pol II complex at the WNT5A promoter and enhancer. Pharmacologic inhibition of the Twist-BRD4 association reduced WNT5A expression and suppressed invasion, cancer stem cell (CSC)-like properties, and tumorigenicity of basal-like breast cancer cells [43] .
WNT5A signaling impairs breast cancer cell migration and invasion via decreased CD44 expression
WNT5A-expressing cells demonstrated reduced in vitro migration and in vivo metastasis relative to controls. WNT5A signaling impaired CD44 expression and its downstream signaling via AKT in breast cancer cells. Moreover, knocking down CD44, an adhesion molecule, in breast cancer cells using siR-NA impaired cell migration and invasion [38, 42] .
PKC upregulates WNT5A expression and causes changes in cell morphology
Calphostin C, which selectively blocks protein kinase C (PKC), markedly reduces the level of WNT5A expression in HB2, a normal breast epithelial cell line. Protein kinase C (PKC), which is activated by phorbol 12-myristate 13-acetate, up-regulated WNT5A, partly through prolongation of WNT5A mRNA half-life. Cytoskeleton reorganization following cytochalasin D treatment causes an induction of WNT5A in HB2, which is associated with changes in cell morphology. Calphostin C does not block these effects. However, cancer cell lines treated with cytochalasin D showed no changes in cell morphology or WNT5A induction. Elevation of WNT5A in HB2 is linearly correlated with cell density, but this does not occur in cancer cell lines [56] .
c-Ha-ras is an upstream inhibitory regulator of WNT5A
Expression of WNT5A is down-regulated by extracellular matrix and mutated c-Ha-ras in the human mammary epithelial cell line MCF-10A. In the presence of activated c-Ha-ras, the level of WNT5A mRNA expression is markedly decreased and cell growth rate is elevated. When treated with p21ras inhibitor (BZA-5B), the abnormal cell growth induced by activated H-ras is reversed. In addition, there was a moderate increase in the WNT5A mRNA level in BZA-5B treated MCF-10A cells compared to untreated cells [57] . HuR inhibits the translation of WNT5A mRNA
Leandersson et al. proposed that the lack of WNT5A expression in invasive human breast tumors was caused by HuR-mediated suppression of WNT5A mRNA translation. They found that WNT5A was regulated at the post-transcriptional level. This regulation was mediated by the Embryonic Lethal Abnormal Vision (ELAV)-like protein HuR, which inhibited translation of WNT5A mRNA when bound to highly conserved AU-rich sequences in the 3'-untranslated region (3'-UTR) of the WNT5A mRNA molecule, as shown by both HA-tagged WNT5A-and Luciferase-WNT5A-3'-UTR reporter assays. The HuR-dependent inhibition of WNT5A was supported by the fact that the active HuR is located in the cytoplasm in invasive human breast tumors and that hypoxia-induced activation of HuR inhibits translation of both Luciferase-WNT5A -3'-UTR and endogenous WNT5A [58] .
WNT5A as an effector of TGF-b in mammary development and cancer TGF-beta is a pleiotropic cytokine that regulates all phases of postnatal mammary gland development, including branching morphogenesis, lactation, and involution [59] . TGF-bs involve 3 isoforms that have been detected in the terminal end buds: TGF-b1, TGF-b2, and TGF-b3. Expression of TGF-b2 and TGF-b3 are up-regulated in response to pregnancy, while TGF-b1 levels remain constant. The level of all 3 isoforms of TGF-b is dramatically reduced during lactation. TGF-b1 expression then rises during involution [60] .
WNT5A is required for TGF-b-mediated effects on mammary development. TGF-beta and WNT5A regulate WNT/beta-catenin activity. Loss of TGF-beta or WNT5A signaling resulted in stabilization of nuclear beta-catenin and expression of WNT/beta-catenin target genes, which resemble tumors induced by activation of WNT/beta-catenin [61] .
WNT5A-CKIa signaling promotes b-catenin/E-cadherin complex formation WNT5A/casein kinase I a (CKI a )-specific Ser-45 phosphorylation of b-catenin is associated with increased complex formation of b-catenin/E-cadherin. Mutation of Ser-45 decreases the bcatenin/E-cadherin association. Also, the inhibitory effect of WNT5A on breast epithelial cell invasion is reduced upon mutation of beta-catenin-Ser-45 [32] .
Taken together, we can explain why WNT5A plays multiple roles, in which the role WNT5A plays depends on the availability of key receptors. The function of WNT5A either as a suppressor or as a promoter of malignant progression is determined not only by intracellular conditions, but also by intercellular interactions among different cell types.
WNT5A-Relevant Molecular-Targeted Therapy
An antibody against WNT5A reversed chemoresistance of the breast cancer cell lines WNT5A was found to be significantly up-regulated in drug-resistant MCF7/ADR2 cells. Cell viability of the drug-resistant cancer cells was reduced by treatment with WNT5A antibody [62] .
An antibody against WNT5A receptor inhibited the migration and invasion of the breast cancer cell lines
As mentioned above, Gujral et al. found that WNT5A-Frizzled2 (Fzd2) drives EMT and breast cancer cell migration through a previously unrecognized, non-canonical pathway that includes Fyn and Stat3. They developed an antibody to Fzd2 that reduces cell migration and invasion and inhibits tumor growth and metastasis in xenografts. They proposed that targeting this pathway could benefit patients with tumors expressing high levels of Fzd2 and WNT5A [45] .
Mohammadi et al. designed a specific single-chain variable fragment (scFv) against the WNT5A binding site of the MUC18 receptor. The antibody inhibited the migration and invasion of a MUC18-positive cell line. The results suggest the specific anti-MUC18 scFv as an effective antibody for breast cancer immunotherapy [63] .
There has been less research on WNT5A-relevant moleculartargeted therapy, perhaps because, in some ways, WNT5A plays multiple roles in breast cancer, and the role depends on the availability of key receptors. We preliminary conclude that it is necessary to detect the WNT5A expression levels and the receptor type of breast cancer tissues before any WNT5A-relevant molecular-targeted therapy is designed and performed.
Conclusions
WNT5A is the first member of the WNT family to be demonstrated to be overexpressed in human breast cancer. However, its role in breast cancer still remains unclear. Most of the evidence shows that WNT5A is a suppressor in breast cancer and loss of its expression is associated with poor prognosis, while some evidence suggests the tumorigenicity of WNT5A. The role WNT5A plays depends on the availability of key receptors and intercellular interactions among different cell types.
The signaling mechanism of WNT5A in breast cancer has not been fully established. We have used the existing evidence to determine a signaling network. WNT5A-related molecular-targeted therapy is still in its infancy. Protracted and unremitting efforts are required to improve therapeutic efficacy and prolong the survival of breast cancer patients.
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